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Abstract
The In Salah project in Algeria is an industrial-scale CO2 storage project in operation since 2004. Carbon dioxide from several 
gas fields with a CO2 content of 1-10% is removed from the production stream to meet the export specification of 0.3% CO2. It is 
re-injected it into a 20m thick fractured sandstone formation down-dip of the Krechba producing field at a depth of around 
1850m. There are currently three horizontal injectors at Krechba, injecting up to 50mmscfd of CO2 and drilled perpendicular to 
the dominant fracture orientation to maximize injection capacity.  Over the life of the project it is planned to store up to 17 
million tonnes of CO2 - to date, just over 3 million tonnes of CO2 have been injected. A Joint Industry Project (JIP) was set up in 
2005 to monitor the CO2 storage process using a variety of geochemical, geophysical and production techniques over a 5 year 
period.
A pre-injection risk register was prepared as part of the initial assessment of the injection site which was used to design the 
original monitoring programme. Key risks identified included leakage from old wellbores and possible vertical leakage through 
the overburden. Four years after injection start up, a quantitative risk assessment was undertaken which identified wellbore 
integrity and potential migration of CO2 out of the licensed storage area as the key risks which resulted in further changes to the 
forward monitoring programme. A data collection programme was initiated prior to the start of injection in August 2004. A 
number of monitoring technology reviews have been conducted over the last 5 years using detailed modeling and a Boston 
Square which has been invaluable in comparing the relative cost and value of quite diverse technologies.  
To date, with the exception of the CO2 encountered in the old KB-5 appraisal well (now fully decommissioned), there has been 
no indication of any CO2 moving out of the storage complex (comprising the injection zone and the immediate overburden). The 
suite of technologies to be deployed at any CO2 storage site for monitoring and verification purposes is readily available and uses 
mainly standard oilfield techniques and practices. However, each site will require a site specific suite of cost effective and 
focused technologies to provide the maximum benefit – there is no ‘cookie cutter’ approach when it comes to designing a 
Monitoring and Verification programme. Our experience at Krechba to date is only in the early phases of a programme which 
could extend for 20 years and our key conclusions from the first 5 years of monitoring will be presented.
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1. Background to In Salah Joint Industry Project
The In Salah project in Algeria is an industrial-scale CO2 storage project that has been in operation since 2004. 
CO2 from several gas fields, which have a CO2 content of 1-10%, is removed from the production stream to meet the 
sales gas export specification of 0.3% CO2. Rather than vent the separated CO2 to atmosphere (as was normal 
industry practice for such gas plants), BP and its Joint Venture (JV) partner, Sonatrach, invested incremental capital 
of $100 million in a project to compress, dehydrate, transport and inject that CO2 into a deep saline formation down-
dip of the producing gas horizon. Statoil then joined the JV at production start-up in August 2004. A Joint Industry 
Project (JIP) was set up in 2005 to monitor the CO2 storage process using a variety of geochemical, geophysical and 
production techniques over an initial 5 year period.
The CO2 is injected into the aquifer leg of a 20m thick Carboniferous sandstone reservoir from which the 
Krechba fi eld produces CO2 rich gas. The reservoir has porosities ranging from 10-18% and permeabilities 
averaging around 10md while the injection depth is between 1850-1950m underground. Pre-injection data such as 
image logs, cores and mud loss data suggested the injection horizon and the immediate overburden is naturally 
fractured with a preferred NW-SE orientation. The injection reservoir is sealed by around 950m of a mixed sequence 
of Carboniferous mudstones that are unconformably overlain by approximately 900m of a mixed Cretaceous 
sequence of s andstone and minor mudstones. This latter sequence comprises the regional Pan Saharan potable 
aquifer. A thin impermeable anhydrite at the top of the Hercynian unconformity, some 3 meters thick, divides the 
Carboniferous from the Cretaceous over the whole region as a final top seal. Surface outcrop consists mostly of 
Cretaceous muddy carbonates. The storage complex is defined as the injection horizon and the immediate, naturally 
fractured, overburden.   
There are currently three long (1500-1800m), horizontal, state of the art injectors at Krechba (figure 1), injecting
up to 50mmscfd of CO2 in total. The wells were drilled using geosteering technologies to maintain the wells within 
the formation and perpendicular to the maximum stress direction, and therefore the dominant fracture orientation, to 
maximize the injection capacity.  Over the life of the project it is planned to store up to 17 million tonnes of CO2, 
while to date, just over 3 million tonnes of CO2 have been injected. This has principally been into the two northern 
injectors, KB -502 and KB -503 where approximately 75% of the CO2 has been injected – this along with other 
information acquired as part of the early monitoring programme has caused the JIP to focus the majority of their 
attention in the northern part of the field.
Figure 1: Krechba Field layout     Figure 2a: Krechba Structure Map – C10.2           Figure 2b: 1997 3D seismic
A pre-injection 3D seismic survey was acquired in 1997 but this was principally focused on imaging the reservoir 
section and not the overburden. This data was reprocessed in 2006 but this did little to improve the imaging of the 
overburden section. Initial interpretations of the 3D seismic suggested no major faults present at or above the 
injection horizon, with the strata being principally flat lying with little visible structural disturbance (Figures 2a &
2b). More recent detailed reviews of the reprocessed and original 3D seismic datasets has confirmed there are minor 
faults at the Carboniferous level and the immediately overlying caprock. It is also known that fracturing is present in 
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the Carboniferous and lower overburden based on information from image logs and mud losses sustained while 
drilling this section. It is thought these are due to deeper lying structures over which the Carboniferous section is 
fl exed, causing NW-SE oriented fractures.
Carbon Dioxide is being injected for long-term storage as a greenhouse gas reduction initiative as part of the 
overall In Salah Gas (ISG) development project. The In Salah JV derives no commercial benefit from the CO2
storage at Krechba. Its value is derived from its role as an experimental and demonstration project to provide 
insights to CO2 geological storage in deep saline formations. It is likely that a second phase of the JIP will 
commence in 2011 to continue the work of developing monitoring technologies and techniques and continuing to 
provide assurance of storage integrity.
2. Key Risks vs. Monitoring
A pre-injection risk register was prepared as part of the initial assessment of the injection site which was used to 
design the original monitoring programme. The key risks identified and the associated monitoring technologies are 
shown in Table 1.
Key Risk Monitoring Technologies 
Injection Well Problems Ongoing pressure monitoring, continuous wellhead and annual down-
hole or through casing logging
Early CO2 Breakthrough Modeling, tracers, seismic imaging, observation wells, fluid sampling, 
wellhead and annulus monitoring
Vertical leakage Seismic imaging, microseismic, shallow aquifer monitoring, soil gas 
sampling, surface flux, gravity, tiltmeters, satellite imagery
Wellbore leakage Annulus monitoring, soil gas sampling, through casing logging.
Old wellbore integrity Annulus pressure monitoring and CO2 surface flux monitoring
Table 1: Key risks and monitoring technologies – Krechba
Four years after injection start up, a quantitative risk assessment was undertaken which identified wellbore 
integrity and potential lateral migration of CO2 out of the licensed storage area as the key risks. This resulted in 
further changes to the forward monitoring programme.
3. Pre-injection Data Acquisition
A data collection programme was initiated prior to the start of injection in August 2004. This included extensive
sampling and logging programmes (including image logs) in the new development wells, saline aquifer sampling
and headspace gas sampling throughout the overburden. A soil gas survey was also conducted around each of the 
new wells and samples were collected from the shallow aquifer water wells at the accommodation camp and the 
Central Processing Facility (CPF).
4. Initial Monitoring and Verification Programme – Boston Square
Given the subsurface architecture and surface logistics, initial modeling work suggested that monitoring the 
movement of the injected CO2 in the reservoir would be difficult using anything other than observation wells drilled 
through the injection horizon. Monitoring of the overlying Carboniferous and Cretaceous sequences was considered 
to be just as important, if not more so, than the reservoir. An initial suite of around 29 monitoring technologies and 
techniques was placed on a Boston Square to assess the perceived cost-to-benefit of each technology for use at 
Krechba. The initial suite of technologies is shown on fi gure 3a, while the final suite of technologies currently 
deployed at Krechba is shown on figure 3b.
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Figure 3a: Inception Monitoring Technologies           Figure 3b: Krechba deployed monitoring technologies
(Technologies in blue- key: Technologies in pink: to be tested)
The Boston Square has been invaluable in comparing the value of quite diverse technologies. The method has 
been used as a simple communication tool to contrast the relative merits of different monitoring technologies which 
may then help to reach consensus internally, with regulators and with governments about detailed monitoring 
programmes on a site specific basis. It should be noted that any Boston Square assessment will be unique to a given 
site. The cost of each technology is relatively straightforward to assess but the benefit to the project can be 
subjective and requires team review, detailed modeling and consensus to arrive at the final Boston Square of 
technologies to be deployed. At Krechba the number of technologies initially considered in the Boston Square has
now been essentially reduced to the high benefit/low cost portion of the Square, with the exceptions of higher cost, 
high benefit 3D seismic and well logging. 
5. Current Monitoring Programme
The current suite of technologies deployed for monitoring and verification of storage at Krechba is shown in 
Table 2, along with the risks each technology is trying to address and current status. This programme has developed 
over the five years of the JIP to respond to new information, such as that provided by the CO2 breakthrough in KB5 
and the information provided by satellite measurement of surface deformation above the injectors as discussed 
below.
Monitoring technology Risk to Monitor Action/Status
Repeat 3D seismic
Plume migration
Subsurface characterisation
! Initial survey in 1997
! High resolution repeat 3D survey acquired in 2009
! Being interpreted at present.
! May show some time lapse (4D) effects 
Microseismic Caprock integrity ! 500m test well drilled and recording information above   KB502 –encouraging results to date
InSAR monitoring
Plume migration
Caprock integrity
Pressure Development
! Images captured using X-band (8 days) and C-band 
   (32 days)
! Use to develop time lapse deformation images
Tiltmeters/GPS
Plume migration
Caprock integrity
Pressure Development
! Currently collecting data – 18 month collection period to end 2011
! Use to calibrate satellite data
Shallow aquifer wells Caprock Integrity
Potable aquifer contamination
! 5 wells drilled to 350m – one beside each injector,   one remote and 
one between KB5 and KB502.
! Two sampling programmes to date
Wellhead/annulus 
samples
Wellbore integrity
Plume migration
! 2 monthly sampling since 2005 
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Tracers Plume migration ! Different perflourocarbon tracers into each injector
! Implemented 2006
Surface Flux/Soil Gas Surface seepage ! Initial survey pre-injection
! Two surveys in 2009 around key risk wells
Microbiology Surface seepage ! First samples collected in late 2009/early 2010
Wireline 
Logging/sampling Subsurface characterization
! Overburden samples and logs  in new 
! Geomechanical and geochemical modeling
Table 2: Current JIP Monitoring and Verification Technologies at Krechba
The repeat 3D seismic survey of 2009 has proven to be of excellent quality and some initial results will be 
discussed below. The use of microseismic is still being evaluated at one site but results to date are encouraging. It is 
likely that the programme will be expanded to develop as a useful tool for monitoring caprock integrity on an 
ongoing basis rather than just with irregular (and very costly) 3D seismic surveys. Satellite images are being 
captured on two systems to evaluate the technology [1] and their respective costs while the Tiltmeter/DGPS is being 
collected to calibrate and confirm the satellite deformation information and this is due to continue to the end of 
2011.  
Five shallow aquifer wells have been drilled, one beside each injector, one in a remote control location and one 
between the KB5 and KB502 wells in the north of the field. Two sampling programmes have now been conducted. 
The wellhead and annulus fluid and tracer sampling and measurement programme was initiated in 2005 and 2006 
respectively and samples are collected every two months except in locations deemed to be at potentially higher risk 
of wellbore leakage where the sampling is increased to monthly.
Two surface flux and soil gas surveys have been completed since injection started and permanent soil flux 
equipment has been located at a number of sites around the field. Microbiology traverses and spot sampling have 
been completed but no results are available to date and this is considered to be a low benefit (but low cost) activity. 
Plans are underway to deploy GOREtm equipment over a large array in the fi eld to detect the presence of tracers 
injected into each of the three injectors in 2006. This should help assess surface seepage areas which may require 
closer monitoring or possible remediation.
Acquisition of new electric logs in the overburden since injection start up has been hampered by drilling 
problems and to date, a limited selection of Sonic scanner logs (MSIP) have been acquired for geomechanical 
modeling.
6. Monitoring Results to Date
To date, with the exception of the CO2 encountered in the old KB-5 appraisal well, there has been no indication 
of any CO2 moving out of the storage complex. No anomalies have been noted from the soil gas, surface flux, 
shallow aquifer and microbiology monitoring work. While there are some initial results from microseismic, not 
enough data exists from which to draw conclusions about caprock integrity at this stage. The greatest risk of CO2
leakage for any geological storage project is that associated with old wells. 
A valuable constraint on the In Salah subsurface CO2 plume development was gained from the detection of CO2
breakthrough at the KB-5 monitoring well. 
6.1. Well Integrity – Wellhead and Annulus Monitoring
In 2007, high concentrations of CO2 were measured in the northerly KB-5 well (an old appraisal well drilled in 
1980 into the Carboniferous aquifer and not cemented across that interval when suspended) which lies 1.4 km to the 
NW of the KB -502 injector. Tracer analyses confirmed that the CO2 detected at KB -5 came from KB-502. KB-502 
was shut in pending a plug and abandonment operation on KB-5. The KB -5 well has now been successfully fully 
decommissioned and injection in KB -502 restarted in November 2009. Surface flux and soil gas monitoring will 
continue around the well for the foreseeable future. Regular monitoring of all old legacy wells is currently 
conducted monthly with sampling and physical inspections.
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Wellhead pressure monitoring on both the KB-5 and KB -502 wells indicated that pressures remained steady in 
the KB-5 well before decommissioning while those in the KB -502 well slowly reduced to just above original 
reservoir pressure for the 2 year period of shut in. Subsequent detailed studies by the JIP and the JV have confirmed 
this was a wellbore integrity problem and not an issue related to CO2 injection.
6.2. Satellite Imaging
Perhaps the most valuable, and initially surprising, monitoring method so far has been the use of Satellite based 
interferometric synthetic aperture radar (InSAR) to detect subtle ground deformation changes by comparing phase 
differences from successive satellite passes. There are several sophisticated signal processing methodologies being 
employed, including Permanent Scatterer Interferometry (PSInSAR™) which is a multi-interferogram image 
processing approach developed by Tele-Rilevamento Europa (TRE) of Italy, and “network inversion” and 
“persistent scatterer interferometry” developed by MDA (MacDonald Dettwiler and Associates ). These provide a 
means to compare data from multiple satellite passes in order to enhance the deformation and suppress the influence 
of multiple noise sources due to atmospheric effects. These provide an accuracy of around 5mm/year and up to 
1mm/year for a longer term average. In Salah has provided an excellent opportunity to evaluate the different 
approaches from the evolving satellite technologies and the signal processing from TRE, MDA and JGI/Japex [4]. 
Satellite data was and is being collected and interpreted on an ongoing basis using Radarsat2, Envisat and 
TerraSAR-X by MDA/Pinnacle Technologies and TRE on behalf of the JIP.
Surface uplift has been detected over all three of the In Salah CO2 injection wells (with corresponding subsidence 
also observed across the gas production area). Figure 4 shows one of the recent deformation images from 
MDA/Pinnacle (Envisat data) based on the surface deformation observed since the period before injection started up 
to up to March 2010. The red areas indicate upli ft while the blue areas denote subsidence. The observed surface 
uplift rate is around 3mm/year. While not significant in terms of the local environment, the rate and pattern of 
surface deformation is being evaluated by numerous of our research partners and the JIP to provide an 
understanding of both the subsurface movement of the CO2 plume and the geomechanical response to the injection 
of CO2 at Krechba.
Using the satellite observations, it is possible to detect the surface changes resulting from subsurface plume 
propagation effects. The ‘doughnut’ shaped deformation around KB -502 is considered to be due to a single fault 
linking the KB-502 and KB-5 wells. Forward and inverse modeling of the subsurface pressure increase due to CO2
injection demonstrates that the surface deformation is consistent with measured geomechanical predictions, and is 
caused by the geomechanical response to subsurface pressure increases caused by CO2 injection. The JIP, working 
with the US DOE (LLNL), has undertaken an extensive geomechanical and geochemical research program to model 
and integrat e the InSAR data with geomechanical models, together with the seismic and fracture data to determine 
plume migration direction. Additional inversion work has been carried out at LBNL [3]. This is being used to guide 
the forward monitoring and data acquisition programme.
                                                    
Figure 5: Satellite Image of 
cumulative surface deformation at 
Krechba due to CO2 injection
(Courtesy MDA/ Pinnacle Technologies)
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6.3. Repeat 3D Seismic
This was designed to provide excellent imaging of the overburden and the injection horizon and results to date 
have exceeded expectations in terms of data quality. The new data is still being processed but a number of features 
on the seismic coincide with information seen on satellite data and this has provided input to the forward monitoring 
programme and injection strategy.
6.4. Summary of status. 
Reservoir modeling and history matching of the CO2 breakthrough, new seismic data, wellhead and annulus 
sampling, pressure data and satellite deformation data have allowed the JIP to build up a detailed picture of the CO2
plume around injection wells KB -502 and KB-503 [2]. The understanding of the plume development around KB-
501 is less well developed due to the lack of new seismic in the area. Inversion of the deformation data with an 
updated geomechanical model suggests that existing vertical faults extending about 100m into the immediate 
caprock between KB -5 and Kb-502 have provided a conduit for the injected CO2 [5,6]. The recently completed 3D 
seismic programme provides high resolution imaging of the overburden which in part confirms the information 
gained from satellite data. This survey will also be compared to the original 3D survey to help assess whether 
detectable differences can be extracted from time lapse comparison. 
7. Conclusions
The suite of technologies that may be deployed at any CO2 storage site for monitoring and verification purposes 
is readily available and utilizes mainly existing standard oilfield techniques and practices. However, each site will 
require a site specific suite of cost effective and focused technologies to provide the maximum benefit – there is no 
‘cookie cutter’ approach when it comes to designing a Monitoring and Verification programme.
Our experience at Krechba to date is only in the early phases of a programme which could extend for 20 years.
However, the lessons learned so far about the various technologies and how best to integrate them into a coherent 
model of the subsurface and the CO2 plume development for verification of long term storage have proven to be 
invaluable. Key conclusions to date are as follows: 
! Each storage site is unique. Monitoring and verification programmes should be designed specific to the risks at 
each site.
! Cost effective technologies such as wellhead and annulus monitoring have proven to be very useful in the 
verification of long term storage.
! CO2 plume development is far from homogeneous and requires high resolution data for reservoir characterization 
and modeling.
! InSAR data has proven highly valuable to monitor millimeter-scale surface deformation related to subsurface 
pressure changes caused by injection and production. This has resulted in major changes to the originally planned 
monitoring programme.
! Rock mechanical data and fractured rock characterization efforts are more important than initially anticipated and 
current efforts are focused on acquiring further geomechanical data from cores of the overburden and logs in 
future development wells.
! Five years of CO2 storage at this site demonstrates successful storage of 3 million tonnes of CO2. Longer-term 
storage continues to be guided by a comprehensive, cost effective and fit-for-purpose storage monitoring 
programme. 
3602 A. Mathieson et al. / Energy Procedia 4 (2011) 3596–3603
8 Mathieson A. et.al. / Energy Procedia 00 (2010) 1063-00
Acknowledgements 
This work is part of the In Salah Gas CO2 Joint Industry Project in close cooperation with the In Salah Gas Joint 
Venture. BP, Statoil and Sonatrach are thanked for permission to use and present these data. Many colleagues within 
the JIP and JV projects have contributed to this ongoing project. Many research partners have contributed to data 
analysis and interpretations including the CO2ReMoVe project (supported by the European Commission), Don 
Vasco, Ernie Majer and colleagues at Lawrence Berkeley National Laboratory and Joe Morris and colleagues at 
Lawrence Livermore National Laboratory (supported by the US Department of Energy). We would also like to 
acknowledge the critical input to the evaluation of the satellite data by Don Vasco of LBNL, Alessandro Ferretti of 
TRE, Scott Marsic of Pinnacle Technologies and Bruce McDonald of MDA. The contribution to the understanding 
of surface deformation at Krechba by JGI/JAPEX is also acknowledged.
References 
[1] Mathieson, A., Wright, I.  Roberts, D. M.  and Ringrose, P. S., 2009, Satellite Imaging to Monitor CO2 Movement at Krechba, Algeria. 
Energy Procedia, 1, February 2009, 2201-2209.
[2] Ringrose et.al. [2009] Plume development around well KB-502 at the In Salah CO2 storage site, First Break, 27, January 2009, 85-89.
[3] Rutqvist, J., Vasco, D. W. and Myer, L., 2009, Coupled Reservoir-Geomechanical Analysis of CO2 Injection at In Salah , Algeria. Energy 
Procedia, 1(1), February 2009, 1847-1854
[4] Onuma, T. and Ohkawa, S., 2009, Detection of Surface Deformation related with CO2 Injection by DInSAR at In Salah, Algeria. Energy 
Procedia, 1, February 2009, 2177-2184.
[5] Vasco, D. W. & Ferretti, A., 2005. On the use of quasi-static deformation to understand reservoir fluid flow. Geophysics, 70(4), 13-27.
[6] Vasco D. W., Ferretti A., Novali F., 2008, Reservoir monitoring and characterization using satellite geodetic data: Interferometric synthetic 
radar observations from the Krechba field, Algeria, Geophysics, 73 (6), WA113–WA122.
A. Mathieson et al. / Energy Procedia 4 (2011) 3596–3603 3603
